The aims of this systematic review were to determine which blood-based molecules have been evaluated as possible biomarkers to diagnose chronic obstructive pulmonary disease (COPD) exacerbations (AECOPD) and to ascertain the quality of these biomarker publications. Patients of interest were those that have been diagnosed with COPD. MEDLINE, EMBASE, and CINAHL databases were searched systematically through February 2015 for publications relating to AECOPD diagnostic biomarkers. We used a modified guideline for the REporting of tumor MARKer Studies (mREMARK) to assess study quality. Additional components of quality included the reporting of findings in a replication cohort and the use of receiver-operating characteristics area-under-the curve statistics in evaluating performance. 59 studies were included, in which the most studied biomarkers were C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α). CRP showed consistent elevations in AECOPD compared to control subjects, while IL-6 and TNF-α had variable statistical significance and results. mREMARK scores ranged from 6 to 18 (median score of 13). 12 articles reported ROC analyses and only one study employed a replication cohort to confirm biomarker performance. Studies of AECOPD diagnostic biomarkers remain inconsistent in their reporting, with few studies employing ROC analyses and even fewer demonstrating replication in independent cohorts.
Introduction
Chronic obstructive pulmonary disease (COPD) is a debilitating disease that is characterized by reduced lung function, breathlessness, decreased productivity, and poor quality of life [1] . Currently, COPD is the only major cause of mortality with a rising death rate and it is estimated that by 2030 COPD will become the fourth leading cause of death worldwide [2, 3] . The natural history of COPD is often marked by periodic exacerbations in which symptoms of breathlessness and sputum production worsen acutely, resulting in emergency room visits and hospitalizations [1, 4, 5] . In Canada, acute exacerbations of COPD (AECOPD) account for the highest rate of hospital admissions and repeat hospitalizations [6] , with an estimated economic burden amounting to $4.5 billion dollars each year in direct and indirect costs [7] .
Owing to their heterogeneity and the lack of available diagnostic laboratory tests, AECOPD are often diagnosed based on clinical gestalt, which is subjective and variable within and across physicians. Forced expiratory volume in the first second of expiration (FEV1) has conventionally been used to guide therapy in stable COPD; however, it is a poor indicator of a patient's exacerbation status [1] . Instead, biomarkers are biological molecules that may better reflect disease activity and fluctuate in accordance with disease state, while representing biologically plausible pathways [8] . Theoretically, as readily available point-of-care tests that can supplement clinical data, they could provide a more objective determination of a patient's health status before, during, and after an AECOPD event [9] [10] [11] . While levels of these biomarkers may be altered when comparing stable COPD patients to normal controls [12] , further disturbances may be observed in the acute setting of an exacerbation. Biomarkers could further allow physicians to provide personalized care for each patient by tailoring targeted therapies based on biomarker levels, thus avoiding unnecessary side effects of prolonged exposure to drugs or conversely incompletely treating an AECOPD. For instance, certain biomarkers could potentially point to a bacterial or viral origin, thus guiding appropriate therapy [13] .
There have been numerous articles published over the past decade, which have focused on the discovery and assessment of biomarkers in relation to AECOPD [14] . Similarly, there have been a wide variety of sample types that have been collected for this purpose including exhaled breath condensate, sputum, nasal wash, blood, bronchoalveolar lavage, and lung biopsies. In this review, we have focused our attention on blood-based biomarkers to diagnose exacerbations. This type of sample has clear advantages that make clinical translation facile including non-invasiveness, ease of collection, widespread availability of laboratories that can procure and process these samples, and the ability to standardize measurements for most assays. The aims of this systematic review are to determine which plasma or serum molecules have been evaluated (and published) as possible biomarkers to diagnose AECOPD and to ascertain the quality of these publications with the view of determining which molecules, if any, have the greatest potential for clinical translation.
Methods

Study population
Our population of interest was defined as COPD patients of any age and gender, who had experienced exacerbations, and as a consequence, required medical attention and admission to a hospital for treatment. We included studies that examined patients longitudinally (i.e. onset of AECOPD versus convalescence), and also those that were cross-sectional (i.e. AECOPD versus stable COPD). Studies that focused on exacerbation biomarkers to guide therapeutic treatments were excluded. The biomarkers, which we subsequently reviewed after study selection, were categorized and described in terms of their use in the diagnosis of AECOPD onset.
Literature search and article selection
We employed our search strategy in accordance with the Preferred Reporting Items for Systemic Reviews and Meta-Analysis (PRISMA) guidelines (S1 PRISMA Checklist), as well as PRISMA for abstracts [15, 16] . We searched articles in MEDLINE , EMBASE (1980 EMBASE ( -2015 , CINAHL (1982 CINAHL ( -2015 , and Cochrane databases by using specific Medical Subject Headings (MeSH) terms. We used Elsevier ScienceDirect as an additional source. The MeSH terms included a combination of: chronic obstructive pulmonary disease or COPD, exacerbations, acute exacerbation, or AECOPD, biomarkers or biological markers, diagnosis or diagnostic, and blood or serum or plasma (a detailed list of MeSH terms is provided in S1 Table) . Two authors (YWRC and JML) independently screened the titles and abstracts based on the articles' relevance to our MeSH terms, with disagreements resolved by iteration and consensus. Primary articles that were published in English, focused on human subjects (animal studies were excluded), and performed analysis on blood specimens were retained. Entries of review articles, conference abstracts, book chapters, editorials, or original articles that performed biomarker assessments on sputum samples, or breath condensate were excluded. References from selected articles were also reviewed to ensure the inclusion of all relevant articles.
Data extraction and study quality assessment
To assess the quality of publications reporting biomarkers, we first screened the 59 relevant original papers for the two important analytic components of biomarker studies, as recommended by Sin and colleagues [17] . These components included: 1) the use of receiver operating characteristics (ROC) area-under-the curve (AUC) statistics or equivalent in reporting the performance of the biomarker as a diagnostic tool for AECOPD, and 2) the reporting of biomarker findings in a replication cohort or sub-cohort of the parent study. We additionally used the Guidelines for the REporting of Tumor MARKer Studies (REMARK) to rank these selected publications (see S2 Table for a detailed REMARK checklist) [18] . Because REMARK was created for oncology studies, we modified the criteria to enable use for AECOPD (resulting in a modified or mREMARK score). For instance, where the guidelines mentioned recommendations pertaining to tumor biomarkers (in points 13 and 15 of S2 Table) , we simply replaced these terms with "AECOPD biomarkers". In cases where the guidelines referred to standard prognostic variables (in points 14 and 17 of S2 Table) , we replaced this concept with lung function measurements, which have significant prognostic value in COPD. A collection of mRE-MARK scores were then collated and ranked. Higher mREMARK scores were considered reflective of a higher quality study, with the maximum achievable mREMARK score being 20.
Results
Search results
The initial search revealed a total of 2,732 studies, of which 111 were duplicate articles (see Fig  1) . We also excluded 2,362 other articles by screening titles and abstracts of these articles because they were not relevant to this analysis, leaving 270 articles eligible for full-text review. Among these articles, 211 articles were excluded for reasons that are outlined in Fig 1. In total, 59 studies were included in the qualitative analysis. A flow diagram of study screening and selection is shown in Fig 1. 
Study characteristics
The study characteristics are displayed in Table 1 and the patient characteristics are listed in S3 Table. The definitions used by all of the studies pertaining to COPD diagnosis, AECOPD, and stable COPD are listed in S4 Table. The majority of the studies (53 out of 59) defined COPD diagnosis based on the Global initiative for chronic Obstructive Lung Disease (GOLD) criteria (FEV1/FVC <70%), and a bronchodilator effect of <12% in either the FEV1 or FVC [1] . 33 out of 59 studies defined an AECOPD based on worsening of symptoms including dyspnea, cough, or sputum production, which led to the intensification in the use of maintenance medications and/or institution of "rescue" medications [1, 5] . Definitions of stable COPD were highly variable among the 59 studies, with duration free of exacerbation ranging from 3 weeks to 3 months (see S4 Table) . The majority of the studies (12 out of 59) defined stable COPD as being free of exacerbation in the preceding 4 weeks.
41 studies evaluated biomarkers longitudinally in the same patients at onset of and recovery from AECOPD. 42 studies evaluated biomarkers cross-sectionally between patients with AECOPD and stable COPD patients, and/or healthy controls. Approximately half of the studies included in the review were performed in Europe (47%), with the United Kingdom being the most prevalent location. Most of the studies were single-centre based (86%) and all were prospective in design. 81% of the studies had a relatively small study size (defined as less than 100 exacerbating patients). The total number of patients included in the 59 studies was 5,431, with a range of 9 to 333 COPD patients per study. Patients were mostly males, and the mean age of all COPD participants were 64 years with a mean FEV1% of approximately 47%.
Biomarkers for the diagnosis of AECOPD
In total, 134 distinct biomarkers were measured, with one additional study measuring 507 inflammatory mediators using an antibody microarray [46] . Biomarkers evaluated covered a wide range of molecules: acute phase reactants such as C-reactive protein (CRP), erythrocyte sedimentation rate (ESR) and fibrinogen; cytokines such as interleukin (IL)-6, IL-8, and TNF-α; molecules of cardiac origin such as brain natriuretic peptide (BNP); molecules involved in collagen formation such as matrix metalloproteinase (MMP)-9; and molecules involved in fatty acid processing such as adiponectin. The most commonly studied biomarker was CRP, followed by IL-6 and TNF-α (see S5 Table) . The use of CRP as a biomarker was investigated in 28 studies, in which 26 of these reported a statistically significant increase in concentration during AECOPD versus stable COPD and/or healthy controls. The CRP assays used were highly variable; five studies used an immunonephelometric assay, four studies used an immunoturbidimetric assay, and three studies used an immune latex agglutination assay. Despite these differences in techniques, the reported CRP results were congruent with each other. IL-6 was investigated in 18 studies, in which 13 showed significant increases during AECOPD versus stable COPD. Three studies also reported increased IL-6 levels during AECOPD, but the statistical analysis was either non-significant or not reported. TNF-α was investigated in ten studies, but with variable statistical significance. Seven out of ten studies reported significant increases in TNF-α concentrations during AECOPD compared to stable COPD, whereas two did not show statistical significance and one showed borderline statistical significance. Nevertheless, TNF-α concentrations were numerically higher in AECOPD compared with stable COPD or healthy controls. The measurement methods used for both IL-6 and TNF-α were all immuno-based assays, such as enzyme-linked immunosorbent assay (ELISA). 51 biomarkers that were investigated only in a single study are detailed in S6 Table along with statistical comparisons. Approximately half of these biomarkers were reported with an increased concentration during AECOPD, and the other half reported the opposite. 18 of these biomarkers were not statistically different between levels during AECOPD versus stable state.
Study quality assessment
Out of the 59 articles, only 12 (20%) reported an ROC analysis (see Table 2 ). Eight of the 12 studies used an ROC analysis to characterize biomarker performance in the diagnosis of AECOPD. Two studies performed ROC analyses to characterize biomarker performance in predicting AECOPD mortality. One study used the ROC to determine which patients would require antibiotics and one study to discriminate between mild, moderate, and severe AECOPD. The articles had a median mREMARK score of 13/20 with a range from 6 to 18/20; the detailed breakdown of the scores is tabulated in S7 Table. Only one article (2%), by Bafadhel et al, utilized a second, independent cohort to replicate biomarker performance [13] . This study, which had the highest mREMARK score at 18, included 145 AECOPD patients, and used a combination of serum biomarkers and sputum biomarkers to classify patients into four distinct exacerbation phenotype clusters [13] . CRP, CXCL10 and peripheral eosinophil counts were found to be useful in distinguishing between bacterial-, virus-, and eosinophil-associated exacerbations, respectively. The AUC results were 0. 
Discussion
Ideally, a clinically useful biomarker, whether for AECOPD or other diseases, should consistently and accurately reflect disease activity. The test should perform similarly in a variety of COPD patients and cohorts, while inflicting the least invasiveness on a patient. In this systematic review, we have identified 59 studies that have prospectively evaluated a wide range of blood-based biomarkers in the diagnosis of AECOPD; however, we found a number of deficiencies in the literature that have likely impeded the translation of these biomarkers into widespread clinical use. Very few of these studies reported performance of their biomarkers using an ROC analysis and even fewer replicated their findings in an external cohort. Along these lines, many biomarkers have only been tested in single centres, again raising the necessity for validation of these results. Moreover, the definitions employed for AECOPD and stable states were inconsistent across studies, making it difficult to assess overall biomarker performance. Until these gaps in the literature are addressed, a biomarker that can accurately and consistently diagnose AECOPD may be challenging to achieve. The best studied biomarkers to date have reflected inflammatory and cytokine pathways (CRP, IL-6, and TNF-α); however, of these, only CRP concentrations appeared to be consistently elevated in the AECOPD state compared to convalescence. Still, only four studies evaluating CRP used an ROC analysis and only one study employed a second validation cohort. Given these discrepancies in the literature, minimum standard criteria implemented for every biomarker study may help to strengthen the quality of biomarker research. Currently, there is no standardized method of assessing the quality of COPD biomarker performance [17] . We propose here the use of the modified REMARK (mREMARK) score, derived from the oncology literature to better serve COPD. In the field of oncology, REMARK guidelines for biomarker studies have been in place since 2005 to facilitate the translation of biomarkers from discovery to clinical trials [18] . These detailed and rigorous criteria help to provide a realistic and reproducible performance assessment and importantly include the requirement that studies report estimated effects of biomarkers, validation, comparisons to standard prognostic variables, and transparent statistical methods. Although the REMARK checklist was originally developed to assess the quality of biomarker studies in oncology, we believe that with minimal modifications ("tumor" being replaced by "AECOPD" and standard tumor prognostic tools being replaced by lung function measurements), it may serve as an assessment tool in COPD exacerbation biomarker discovery. In accordance with mREMARK guidelines, very few among the selected studies in this systematic review would be deemed of "good" quality.
In addition to the mREMARK criteria, we recommend the use of ROC analyses and AUC statistics to objectively evaluate biomarker performance [77] . Such analyses confer distinct advantages over individual measures of sensitivity and specificity, and certainly over simple ttest statistics calculating significance between case and control biomarker levels (which can be falsely reassuring with a large enough sample size). For one, ROC analyses allow for an unbiased assessment of the best cut-off point for biomarker levels [78, 79] . Second, the AUC statistic considers both sensitivity and specificity in reporting a test's discriminative power, without regard to the prevalence of disease in specific populations [78, 80] . It further allows an objective comparison of biomarker performance across studies and platforms whereby a biomarker with an AUC >0.85 is considered to have high accuracy while a biomarker with an AUC between 0.7 and 0.85 has borderline potential for clinical translation and warrants further refinement and validation. [17, 81] . Selected studies from the review that contained biomarker characteristics and ROC performances. Only studies that performed an ROC analysis were included in this table and Furthermore, even in the 12 studies that reported an ROC analysis (some with remarkable AUC values), caution must be exercised when interpreting the results. The vast majority of these studies performed statistical analyses on discovery cohorts only without reproducing the performance in an external cohort. These studies run the risk of over-fitting their statistical model to the initial discovery cohort, particularly if the discovery cohort is small in size, and often times these initially optimistic findings may perform poorly in a new cohort. Data sharing across large cohorts has been proposed as one mechanism to counteract this obstacle [82] , but in the absence of available external cohorts, methods such as cross-validation may provide an additional degree of validation and thus confidence that the results could be replicated in wider use. In this approach, the statistical model is applied to successive data sets in which one or more samples have been removed, and tested on the left out sample(s); the cross-validation AUC is therefore an estimate of the model's discriminative power in the samples used. Types of cross-validation include leave-one-out cross-validation, k-fold cross-validation, and repeated random-split cross-validation. In leave-pair-out cross validation, a case and its corresponding control are left out in each iteration of the cross-validation [83, 84] . In k-fold cross-validation, data are split into k subsets of equal size, with each one serving as the test set and the remaining k-1 subsets serving as the training set in successive iterations. In repeated random-split crossvalidation, data are split into test and training sets randomly and repeatedly [84] . Given the risk of overly optimistic results with standard AUC statistics, we suggest that all future biomarker studies employ these cross-validation techniques, even in studies with available external validation cohorts.
There were a few limitations with our systematic review. First, the decision to use the mRE-MARK checklist to rank the selected studies in our review was arbitrary, as alluded to previously, but one made based on the fact that there are no alternative ranking methods for biomarker studies in COPD exacerbations. Nevertheless, the ranking scores via the mRE-MARK guidelines were objective measures and provided some guidance as to how to judge the quality of biomarker studies. Second, given the heterogeneity of biomarkers studied, we were not able to perform a meta-analysis on the results. However, we summarized the top three most studied biomarkers and their respective statistical significance to provide an overview. Last, we recognize there could be some potential publication bias, due to the fact that negative studies tend to be less published than positive studies.
In summary, while we found a number of studies that have evaluated potential candidate biomarkers for AECOPD diagnosis, we also identified a number of deficiencies in the COPD biomarker literature that make it difficult to fully evaluate the performance of these biomarkers. Standardized guidelines such as the mREMARK score and the use of ROC curves may help to streamline biomarker performance reporting, while external validation or at least internal cross-validation techniques may help instil confidence that biomarkers can be translated successfully into the real-world clinical realm. In future, the study of biomarkers in COPD exacerbations should not only encompass these principles, but also incorporate stringent and consistent definitions of an exacerbation. Collection of blood samples prior to the initiation of therapies and at multiple longitudinal time points following an exacerbation are also necessary to prevent possible confounding by medications and to characterize the activity of the biomarker along the time course of disease. Only then can the field progress towards a working biomarker in COPD.
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